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Introduction
Among the different controlled radical polymerization techniques atom transfer radical polymerization (ATRP) is one of the most versatile and robust techniques to synthesize well-defined polymers. 1 Lately, some disadvantages of ATRP such as the high copper catalyst concentration, easy oxidation of the unstable lower-state metal complexes and others 2 have been overcome by various strategies including activator (re-)generation by electron transfer (AGET or ARGET) ATRP. 3 The generality of these strategies showed that the lower state Cu I required for the ATRP can also be generated in situ by the reduction of the respective Cu II no additional photoactivator is used. Yagci et al. 8 presented the first example of photoinduced controlled radical polymerization (PCRP) based on photochemical generation of the activator in ATRP. They showed that the polymerization of bulk methyl methacrylate (MMA) at room temperature could be initiated by in situ generation of the Cu I complex from Cu II species
under UV irradiation at 350 nm. An improved correlation between theoretical and experimental polymer molar mass with quite narrow dispersity (ð=1.06-1.13) was observed when using methanol as the solvent. 9 Recently, a well-controlled polymerization of MMA at 35℃ was investigated by photomediated ATRP using a light source at λ > 350 nm to realize a lower CuBr 2 /PMDETA catalyst amounts to ppm level. 10 Instead of UV light, a safer, less expensive and abundant light source in the visible range is beneficial for polymer synthesis and attractive for a broad range of applications including dentistry, photolithography or holographic memory storage. [11] [12] [13] [14] as catalyst has been revealed about one decade ago. 19 The 
Photoinduced Surface-initiated ATRP (PSI-ATRP)
Silicon wafer pieces with a 300 nm SiO 2 layer were functionalized with a self-assembled monolayer (SAM) of ATRP-initiator (BiBB) as described in the literature. 20 The functionalized substrates were immersed into a reaction mixture prepared as described above.
After the PSI-ATRP reaction, the substrates were removed from the polymerization solution, exhaustively rinsed with acetone and repeatedly ultrasonicated for several minutes in fresh acetone to remove all traces of physisorbed polymer. Finally, the substrates were blow-dried by a stream of nitrogen and analyzed.
Patterned initiator SAMs were prepared by photolithography using UV illumination (200 W Hg(Xe) lamps, LOT-oriel, Germany) through a photomask (TEM grids). From these experiments we conclude that light as emitted from a standard fluorescence lamp has a significant photochemical effect on the ATRP reaction. Acceleration of the ATRP reaction rate by visible light as well as improvement of the control of the polymerization was reported before by Guan and Stuart 19 but using a 275 W sunlamp. And recently, the group of Yagci et al. 8, 9 reported analog results on the photoinduced ATRP with the PMDETA/Cu II system using UV light (350 nm). Apparently, also under visible light irradiation the PMDETA is able to constantly reduce Cu II to Cu I and a well-controlled ATRP is enabled under these simple experimental conditions. The respective reaction mechanism is outlined in Fig. 1 along with the emission spectrum of the fluorescent lamp as provided by the lamp manufacturer.
-FIGURE 1 - We investigated the kinetics of the photoinduced ATRP using MMA as the standard monomer and development of the polymer number average molar mass (M n ) as a function of the monomer conversion (Fig. 2) . As apparent form the strictly linear relationship of
) with the reaction time (Fig. 2 a) , the polymerization is of first-order with respect to the monomer concentration and the concentration of active radicals remains constant throughout the polymerization. A short induction period was observed which is in accordance to the reaction mechanism given in Fig. 1 . First, the photoreduction needs to generate Cu (Fig. 2b) and monomodal distributions (Fig. 2c) . It is noteworthy that for all obtained polymers the determined M n were found to be slightly higher than theoretically expected from the [M 0 ]/[I] ratio. This was observed earlier by others and ascribe to a low initiating efficiency of EBiB because of its back strain effect. In Fig. 3a , the spectra are summarized along with inserts of the prominent spectral changes found around 685 and 528 nm. Under irradiation, the UV adsorption around 685 nm steadily decreases simultaneously to systematic spectral changes in the range of 527 -529 nm. We assign this to the photoreduction of Cu (Fig. 4a) . Again, low dispersity (ð ≦ 1.2) was maintained throughout the entire experiment in a course of 24 h and M n increased progressively with monomer conversion (here to 89%) without a detectable trace of low molar mass products (Fig. 4b) . Basically, each on-off cycle had the same characteristics as the chain extension experiment using a PMMA-Br macroinitiator as described above and during the dark phases the molar mass was unchanged (see: Fig. 4b e.g. GPC traces for 2 h vs.
h or 10 h vs. 12 h).

Photoinduced surface-initiated ATRP (PSI-ATRP)
The use of light to trigger a controlled polymerization and to perform consecutive polymerization steps is especially intriguing for the fabrication of polymer brushes by surface-initiated polymerization. Besides surface-initiated living ionic polymerizations, [26] [27] [28] surface-initiated controlled radical polymerization techniques such as SI-ATRP are very versatile to prepare defined polymer brushes for a multitude of applications. [29] [30] [31] [32] Only recently, Zhou et al. 18 reported on the use of UV-light (λ = 330 nm at 0.5 or 1.25 mW/cm 2 ) and TiO 2 particles as the photosensitizer for the photoinduced surface-initiated ATRP (PSI-ATRP) of different methacrylates from self-assembled monolayers (SAMs) on TiO 2 or gold. However, as thiols are prone to photooxidation by exposure to UV light, 33 it would be beneficial to conduct PSI-ATRP with light in the visible range and without addition of particles that might irreversibly contaminate the surfaces. Hence, we performed PSI-ATRP analog to the reactions described above but using a SAM as the ATRP-initiator bound to silicon dioxide surface as outlined in Fig. 5 . Additionally, we performed PSI-ATRP on patterned initiator-SAMs.
Although various possibilities are feasible for the synthesis of patterned polymer brushes, 34 we selected the simplest technique and prepared patterned SAMs by UV-photolithography.
Finally, consecutive PSI-ATRP, with MMA and tert-butyl methacrylate (tBMA) as the second monomer was performed to realize block copolymer brushes.
-FIGURE 5 - Under light exclusion, the functionalized silicon substrates were immerged in the reaction solution as described above for ATRP in solution and PSI-ATRP was performed for 5 h. After cleaning, the substrates were investigated by atomic force microscopy (AFM). The PSI-ATRP resulted in the formation of homogeneous PMMA brushes without detectable defects.
Measurements at an implied scratch revealed a brush thickness of d = 14.5 ± 0.5 nm (Fig.   6a,c) . With the same substrate, a consecutive PSI-ATRP with tBMA resulted in a P(MMA-b-tBMA) copolymer brush of d = 20.3 ± 1.2 nm thickness in the collapsed state (Fig.   5b,c) . Again, the polymer brush surface appeared homogeneous as determined by random sampling with the AFM and the thickness increase was found to be nearly identical at different locations at the edge. Patterned PMMA brushes were readily obtained by PSI-ATRP from micropatterned SAM-initiators. Different patterns were produced and two are displayed in Fig. 6d ) and e). The brush thicknesses were very similar (d ~ 12 nm) and the PSI-ATRP selectively transformed the initiator pattern to the pattern brush. No polymer grafting was observable on unmodified substrate areas.
-FIGURE 6 - As the PSI-ATRP is depending on constant light irradiation and is independent from an additional reducing agent, this technique offers great potential for the fabrication of very complex polymer brushes such as gradient, binary, (multi)block copolymer brushes in a simple fashion. Related experiments are currently ongoing in our laboratories.
Conclusion
We showed a simple and low-cost technique to perform photoinduced ATRP with common, cheap fluorescent lamps as the light source. The control and efficiency of ATRP is similar to earlier reports using light in the UV range or specific lasers. The stop-and-go characteristics of the ATRP kinetics allows for consecutive polymerization steps without apparent change of the active chain concentration. The photoinduced ATRP can easily be adapted to surface-initiated polymerization for the fabrication of polymer brushes, block copolymer brushes and patterned polymer brushes by photoinduced surface-initiated ATRP (PSI-ATRP).
As the used fluorescent lamps are also commonly used to illuminate chemical hoods, these results are of relevance for all experimentalists performing ATRP in a standard hood. As many copper complexes are known to be light sensitive and/or mediate photoredox reactions [35] [36] [37] [38] it most probably will make a difference if one is performing an ATRP reaction with the hood lights on or off. 
